The degeneration of the intervertebral disc (IVD) within the spinal column represents a major pain source for many patients. Biological restoration or repair of the IVD using "compressive-force-resistant" and at the same time "cytocompatible" materials would be desirable over current purely mechanical solutions, such as spinal fusion or IVD implants. This review provides an overview of recent research on the repair of the inner (nucleus pulposus = NP) and the outer (annulus fibrous = AF) parts of the IVD tissue. Many studies have addressed NP repair using hydrogel-like materials. However, only a few studies have so far focused on AF repair. As the AF possesses an extremely low self-healing capacity and special attention to shear-force resistance is essential, special repair designs are required. In our review, we stated the challenges in IVD repair and highlighted the use of composite materials such as silk biomaterials and fibrin cross-linked reinforced hydrogels. We elaborated on the origin of silk and its many in tissue engineering. Furthermore, techniques such as electrospinning and 3D printing technologies allow the fabrication of versatile and functionalised 3D scaffolds. We summarised the research that has been conducted in the field of regenerative medicine over the recent years, with a special focus on the potential application and the potential of combining silk and reinforced -and thus mechanically tailored -hydrogels for IVD repair.
Introduction
The clinical problem Low back pain (LBP) is one of the most common diseases in today's society and affects up to 70 % of the Western population at least once in their lifetime (Dagenais et al., 2008; Hoy et al., 2010) . The high incidence of this condition not only has negative effects on the quality of life of the people affected but also on the whole economy. Hence, the socioeconomic burden associated with LBP is immense (Duthey, 2013; Hong et al., 2013; Wieser et al., 2011) . The vast majority of back pain instances are functional and temporary. For chronic LBP, advanced intervertebral disc (IVD) degeneration caused by aging, impaired nutrient supply, or IVD trauma either caused by direct impact or indirectly by fractures of the cartilaginous endplate (EP) is believed to be the most important factor initiating the degenerative cascade (Alkhatib et al., 2014; Dudli et al., 2014; Luoma et al., 2000; . In order to treat degenerated IVD tissues, numerous surgical approaches and materials have been investigated so far. These range from injectable biomaterials to IVD implants in order to restore the disc height (Chan and Gantenbein-Ritter, 2012; Long et al., 2016a; Sharifi et al., 2015) . Nevertheless, no fully satisfactory solution has been identified yet that results in reconstitution of the IVD to its natural properties, thus leaving the patient with a disc that DA Frauchiger et al.
Reinforced hydrogels and silk for IVD repair popular over recent decades and seems to perform in the same way as spinal fusion (Blumenthal et al., 2005; Zigler et al., 2007) . There are many reviews available on IVD repair. However, none of these summarises the recent advances using reinforced hydrogels in combination with resorbable biomaterials such as silk. A combination of biomaterials might be necessary due to the complex nature and composition of the IVD, with silk offering versatility in scaffold design and decades of experience in the medical field while hydrogels can be injected to fill up the core of the IVD and restore the disc height. The aim of this review is to provide an overview on reinforced natural hydrogels for the repair of the centre of the IVD. Repair can be achieved in two ways 1) a substitute material can restore the disc height and sustain the mechanical loading encountered in vivo and/or 2) a substrate for growing and differentiation of cells. Thereby, native or added cells such as human mesenchymal stem cells (hMSC), IVD cells or progenitor cells in general are possible candidates. Further, the review updated recent research of silk in combination with reinforced hydrogels with a focus on IVD repair. We examined the challenges and requirements of IVD repair, the hydrogels already used for tissue engineering, and specifications of silk and its possible uses for nucleus pulposus (NP) and annulus fibrosus (AF) repair when combined with hydrogels.
is not able to restore its initial height or has a risk of re-herniation. Hence, the current gold standard treatment in case of persistent IVD-associated pain is to perform a spinal fusion of two or more adjacent vertebrae to stabilise segmental instability and to remove the damaged disc material . This is done by removal of the disc material and filling the disc space with a cage containing bone grafts or substitutes. Although this temporarily relieves the back pain, it seems that, at a later stage, the neighbouring discs are more prone to accelerated degeneration (adjacent segment degeneration), which again can become symptomatic (adjacent segment disease) (Burkhardt et al., 2017; Donk et al., 2017) . This observation can partially be explained by normal ageing (Maldonado et al., 2011) but can also be directly linked to the surgical intervention and the mechanical stresses that are subsequently generated (Matsumoto et al., 2010) . Moreover, spinal fusion does not always succeed and an incomplete fusion might result in the reappearance of back pain (Korovessis et al., 2005; Lee et al., 2011; Li et al., 2012; Watkins et al., 2014) . The reason for this is not yet fully understood, but residual IVD tissue seems to alter and/or block the ossification of the spine Tekari et al., 2017) , a fact that could explain why BMP-2-coated implants have a rather neutral effect in meta-analyses (Carragee et al., 2011; Simmonds et al., 2013) . Therefore, disc replacement became more Fig. 1 . Schematic drawing of the intervertebral disc (IVD), illustrating the most important structures. The blood vessel supply is only indicated on the lower vertebral body (VB). The centre of the IVD, i.e. the gelatinous nucleus pulposus (NP), consists mainly of a proteoglycan and collagen type 2-rich matrix that retains water. The milieu is acidic, low in glucose, and hypoxic. The outer centre of the IVD, i.e. the annulus fibrosus (AF) is more fibrotic in nature and is linearly arranged and consists of a higher content of collagen type I than collagen type II and also contains fewer proteoglycans. Finally, the two cartilaginous endplates (EP) contain chondrocytes and form a thin layer of hyaline cartilage with approximately twice as much proteoglycans than collagen type II and a water content of approximately 50-60 %. The EP fills the border between the IVD-tissue niche and the bone-tissue niche of the adjacent vertebrae. Abbreviations are NP = nucleus pulposus, AF = annulus fibrosus, CE = cartilaginous endplate, CB = capillary buds, BV = blood vessels, VB = vertebral body. Cell density, glucose, oxygen, and lactate concentration propagation follows the research work of Maroudas et al., 1975; . www.ecmjournal.org
The anatomical structure of the intervertebral disc The IVD is located between the vertebral bodies and allows bending and twisting motions of the spine. Additionally, it acts as a shock absorber during movement, which is possible due to the unique composition of the IVD. In the core of the IVD a gelatinous tissue called NP is present. It is a tissue of high glycosaminoglycan (GAG) content; these polysaccharides are negatively charged with a high capacity of binding to water molecules. This allows the IVD to act as a shock absorber, because the NP can withstand and recover from compressive impacts. The AF is a fibrous tissue surrounding the NP. In contrast to the NP it is highly concentrated in collagen type I, which makes the tissue resistant to tensile strength and holds the softer NP in place. The connection of the NP and AF to the vertebrae is ensured by cartilaginous EPs (Eyre, 1979; Oegema, 1993) . Nearly all nutrient uptake occurs through the EP, as there is no blood vessel supply to the IVD (see Fig. 1 for an overview).
The most common causes of LBP are disc herniation and IVD degeneration, but modic changes, other abnormal spinal structures or musculature may also result in LBP (Alkhatib et al., 2014; Deyo and Weinstein, 2001; Dudli et al., 2017; Luoma et al., 2000; Määttä et al., 2015) . In the case of disc herniation, the NP is extruded through the AF. The extruded tissue can press against a nerve or cause inflammation when in proximity of a nerve, which may result in pain and may necessitate a surgical intervention. Additionally, IVD degeneration may occur spontaneously due to normal ageing, loading history, inadequate nutrition or impaired metabolite transport. Genetics can also trigger the onset of IVD degeneration (Adams and Roughley, 2006; Buckwalter, 1995; Huang et al., 2014) . All of these factors lead to a loss in water content and degradation of the extracellular matrix (ECM) content. Further, cell density decreases and a shift from collagen type II to collagen type I fibres occurs in the core of the disc, thus leading to a stiffer IVD. In disc degeneration and/or trauma, pain can be caused by neovascularisation of the IVD or arthrosis of the faced joints due to the IVD losing height (Adams and Roughley, 2006) .
Current challenges for IVD repair
Identifying new strategies for IVD repair is a demanding task, due to their biomechanical and biological properties (Kandel et al., 2008) . The IVD possesses a specialised ECM-rich environment with limited nutrients. Therefore, major solutes, such as glucose and oxygen, reach the centre of the disc only by diffusion . Additionally, due to the avascular property of the IVD tissue, the oxygen content in the centre of the IVD as compared to outer AF is reduced by 2-5 % (Bartels et al., 1998; Holm et al., 1981; Stairmand et al., 1991) , a concentration which is recommended to improve culture conditions for IVD cells as well as cells from other tissues, e.g. articular cartilage (Mwale et al., 2011; Risbud et al., 2015) . Proposed tissue engineering approaches, for instance a combination of biomaterials with IVD cells or cells that can differentiate into IVD cells (MSC and IVD progenitor cells), face the difficulty that once the IVD cells are isolated from their native environment they need to be maintained in hypoxic conditions (Feng et al., 2013; Mwale et al., 2011; Risbud et al., 2015) . Furthermore, the cells of the IVD do not possess remarkable self-healing potential . Moreover, the IVDs are subjected to complex loading forces, i.e. a combination of compression, torsion, flexion and tension resulting from body motion. For example, normal movement causes intradiscal pressures in the range of 0.1 MPa when reclining, 0.46 MPa for unsupported sitting, and 0.5 MPa for relaxed standing (Nachemson and Elfstrom, 1970; White and Panjabi., 1990; Wilke et al., 1999) . Hence, a successful approach has to incorporate a biomaterial that can fulfil the requirements of withstanding a motion in six degrees of freedom (Costi et al., 2007; Guterl et al., 2013; Long et al., 2016b; Nerurkar et al., 2010) , while providing nutrient delivery to the centre of the IVD and simultaneously allowing the transportation of metabolites out of the disc Kandel et al., 2008) . Due to this challenging task, approaches that rely solely on biomaterials to restore disc height are more closely investigated. Additionally, the different types of tissue that are combined in the IVD require different treatment approaches. For example, an AF repair requires a higher order of structure and must be able to withstand tensional and torsional forces or shear forces. The NP, on the other hand, has to be able to maintain disc height throughout mainly compressional loading.
Reinforced hydrogels for intervertebral disc tissue engineering
Natural hydrogels for tissue engineering applications Hydrogels are divided into two groups, based on their origin and are considered either natural or synthetic. Here, we focused on natural hydrogels that can be derived from several natural sources, such as agarose from seaweed, alginate from brown algae, hyaluronate and collagen from connective tissues, and chitosan derived mainly from chitin of shrimp shells. Natural hydrogels often possess good cytocompatible properties. Hence, these are frequently included in possible tissue engineering treatment approaches (Priyadarshani et al., 2015) , e.g. agarose (Awad et al., 2004; Bougault et al., 2012; Iwata et al., 2013; Luo et al., 2015; Mauck et al., 2006) , collagen (Borde et al., 2015; Calderon et al., 2010; Mercuri et al., 2014; Omlor et al., 2012; Tsaryk et al., 2015) , alginate (Bron et al., 2011; Duggal et al., 2009; Xu et al., 2008; Zeng et al., 2015a) , chitosan (Naqvi and Buckley, 2015; Ngoenkam et al., 2010) , and combinations of alginate and chitosan have been investigated (Shao , 2007) . Although natural hydrogels generally offer good cytocompatibility, they often possess inferior mechanical properties (Schutgens et al., 2015) . Nevertheless, by combining them with other synthetic hydrogels or functionalising them, they can gain superior properties. For example, Hong et al. (2015) combined alginate with poly(ethylene glycol) and nanoclay to fabricate a hydrogel that was stiffer than natural cartilage. Also, functionalisation of alginate with extracellular matrix components such as collagen type 1 or 2 is possible (Almeida et al., 2017) . Another important natural hydrogel is the fibrin-clot, which has been proposed for use either untouched, in combination with hyaluronic acid (HA) Peeters et al., 2015) (Fig. 2) , or reinforced by the addition of a cross-linker such as genipin (Colombini et al., 2014; Guterl et al., 2014; Likhitpanichkul et al., 2014; Likhitpanichkul et al., 2015) (Table 1) . Fibrin is very important to mention, especially in the context of 3D cell culture, as it is derived from the wound-healing process. The technique is commercialised, and fibrin sealant has been in common use for decades to close bleeding wounds during open surgery. Its use to culture cells in 3D for tissue engineering approaches is proposed (Bensaïd et al., 2003; Hunter et al., 2004; Perka et al., 2001) , by mixing cells with the fibrinogen solution prior to the addition of thrombin or injection of cells within the carrier. The clotting is initiated by mixing fibrinogen with thrombin to obtain the insoluble fibrin. Depending on the thrombin concentration and the concentration of the factor XIII, the speed of the reaction can be manipulated (ranging from a few seconds to several minutes). Fibrin hydrogels are also successfully used for in vitro 3D culture of different cell types (Gantenbein-Ritter et al., 2008; Li et al., 2009; Li et al., 2014; Zeiter et al., 2009) . However, although the gel is modifiable by adjusting the concentrations of fibrinogen and factor XIII, it is not a realistic choice for IVD repair due to its softness (i.e. dynamic stiffness at 1 Hz dynamic loading ~10 kPa, (Hunter et al., 2004) ) and poor mechanical properties as compared to the IVD tissue (normalised stiffness of IVD is estimated to be around ~10 MPa (Beckstein et al., 2008; Showalter et al., 2012) ). Thus, compressive stiffness of most hydrogels is usually too low by a magnitude of ~1,000×, many hydrogels often having a stiffness in the range of ~10 kPa. On the other hand, depending on the concentration of the fibrinogen and factor XIII, the resulting hydrogel could become too dense and make it difficult for chondrocytes/ chondrocyte-like cells and MSC to thrive .
Recently, novel research has emerged around the natural, plant-derived cross-linker genipin, which allows tailoring the stiffness of the too-soft fibrin gels to obtain properties comparable to AF or NP tissue (Colombini et al., 2014; Guterl et al., 2014; Likhitpanichkul et al., 2014; Schek et al., 2011) . Recently, how the genipin diffuses inside the fibrin network was modelled (Ninh et al., 2015) . So far, genipin does not show toxic effects upon human vascular wall MSC either cultured in vitro or implanted in vivo in nude mice experiments Panzavolta et al., 2011) . However, genipin causes problems for using fluorescence microscopy as it is auto-fluorescent. This may cause difficulty during assessment of cell viability using the classical calcein AM and ethidium-homodimer LIVE/DEAD stain (Matcham and Novakovic, 2016) . Difficulties are also noted in diffusion models because the genipin cross-linker may considerably reduce diffusion, possibly reducing cell viability.
Another very promising material for NP repair is Gellan gum hydrogel. Gellan gum is bacterialderived and shows extremely high cytocompatibility in vitro and in vivo (Ahearne and Kelly, 2013; Anderson et al., 1988; Khang et al., 2015; Reitmaier et al., 2014) . Recently, this material was reinforced to withstand higher compressive forces by addition of methacrylated modifications, resulting in a much stiffer hydrogel tuneable in the range of 0.15-148 kPa (Coutinho et al., 2010) . This is similar to the crosslinking genipin approach that leads to shear stiffness in the range of 47-61.1 kPa, depending on the genipin concentration or up to 73 kPa, when fibrin is combined with genipin and fibronectin (Guterl et al., 2014) . For instance, for NP repair it was shown by Silva-Correia, et al. (2012) that rabbit NP cells thrive perfectly for an extended period, without much loss of cell viability, in methacrylated Gellan gum (Coutinho et al., 2010; Khang et al., 2015; Silva-Correia et al., 2011 ; Silva- Table 1 . List of previous research articles and reviews using fibrin hydrogels for either AF and NP repair or 3D culture of these cells.
Location
Material Publication Annulus Fibrosus Enhanced with genipin Likhitpanichkul et al., 2014; Likhitpanichkul et al., 2015; Long et al., 2016a; Schek et al., 2011 Nucleus Pulposus Combined with hyaluronic acid Li et al., 2014; Park et al., 2012 3D Culture Combined with poly(lactic-co-glycolic acid) Sha'ban et al., 2008; Stern et al., 2000; Stich et al., 2015 Correia et al., 2013) . It has yet to be shown whether Gellan gum could withstand compressive forces in long-term IVD repair experiments.
Other "smart" synthetic hydrogels to regenerate the nucleus pulposus Where the adaptability of natural hydrogels is somewhat limited, synthetic hydrogels allow for the tailoring of specific needs. This represents a hot topic for IVD repair, to further "fine-tune" the hydrogels and use artificial and so-called "smart" gels. One of these designed gels is poly(N-isopropylacrylamide) (pNIPAM), which is a thermo-responsive hydrogel that solidifies upon reaching 32 °C (Mortisen et al., 2010 ). An aspect that allows for 3D encapsulation and culture of cells, followed by liquefying and injection into the host tissue, such as IVDs, when the hydrogel is cooled to around 5-10 °C (Malonzo et al., 2015; Peroglio et al., 2012; Peroglio et al., 2013; Thorpe et al., 2016) . In addition, a combination of pNIPAM with poly( D,L -lactide-co-glycolide) particles is possible and leads to a thermosensitive particle gel, whose elasticity can be adjusted by changing the concentration of the two components (Fraylich et al., 2010) . Such hydrogels can serve as pre-conditioning material to direct the cells towards a desired phenotype in a 3D environment, prior to transplantation into the IVD. For example, MSCs can be differentiated towards IVD-like cells in a 3D culture by the addition of selected growth factors, e.g. growth and differentiation factor 6, to better condition the cells and to stimulate the production of ECM for subsequent injection into the IVD (Clarke et al., 2014) . This can be especially attractive if the gels can be redissolved and the cells can be easily separated from their hydrogel, a property that is found in thermoresponsive hydrogels (Peroglio et al., 2013) . This is also possible with natural algae-derived alginate, which can be dissolved by the removal of the Ca 2+ cations, by the addition of ethylene diamine tetra acetic acid (EDTA), unless the cells produce a large amount of ECM over a prolonged culture period (Maldonado and Oegema, 1992) . Recently, another synthesised polyethylene glycol composite material reinforced with nano-cellulose was developed. It can be polymerised by light using optical fibres directly within the IVD, and is proposed for NP replacement (Schmocker et al., 2016) . For the application of the liquid hydrogel, both the injection and illumination are combined within a single needle. The stiffness of the hydrogel can also be tuned to match the compressive stiffness of a native NP.
Silk for Tissue Engineering Background
Silk is promoted as a promising biomaterial for a wide range of tissue engineering applications. This is in part due to its unique biomechanical properties, namely its strength, elasticity and high cytocompatibility (Wöltje and Böbel, 2017) . Silk is of great interest because its production is well-established, primarily in the textile industry. Due to millennia of silk production, the sericulture of silk worms, i.e. Bombyx mori (Linnaeus, 1758, Lepidoptera: Bombycidae) and hence silk harvesting is widespread, and a homogenous quality obtained. Silk is relatively easy to obtain from cocoons, is cytocompatible, and is slowly degraded by enzymatic processes in vivo, thus allowing ECM formation when it is used as a cell culture substrate. Although silk is considered to be a nondegradable biomaterial, according to the US Pharmacopeia's definition, its degradation can be induced in vitro by the incorporation of enzymes e.g. proteases, collagenases or α-chymotrypsin (Horan et al., 2005; Li et al., 2003) . The in vivo degradation rate seems to be influenced by the design and concentration of the silk and is mainly driven by foreign body reaction . An electrospun silk scaffold degrades over eight weeks when implanted subcutaneously in rats, without adverse side effects for the animal (Zhou et al., 2010) . Wang et al. uses a different silk scaffold where residual pieces can still be found after six and twelve months following subcutaneous implantation in rats . Closer examination of the immune response to silk, shows it to be mainly inert as long as it is not combined with sericin (Meinel et al., 2005; Panilaitis et al., 2003) . In vitro, silk can be degraded and liquefied by the addition of 9.3 M LiBr and incubation at 60 °C for 4 h (Rockwood et al., 2011) . Moreover, silk can be moulded into different shapes, which allows for its application to a wide range of clinical problems. The fine structure of B. mori silk cocoons is composed of threads with diameters in the range of 10-20 µm, and each thread is, in fact a duplet of two individual fibres. Each of these fibres has a sericin sheath and an inner core composed of fibroin. Fibroin consists of parallel fibrils with diameters of 100-400 nm, providing excellent mechanical properties regarding tensile strength and elasticity .
Silk biomaterials are nowadays investigated for many applications in tissue engineering, e.g. for bone repair (Hardy et al., 2015; Li et al., 2006; Park et al., 2010; Sofia et al., 2001; Zhang et al., 2014) , for artificial skin (Sheikh et al., 2015) , vascular grafts (Catto et al., 2015; Wang et al., 2015; Zhang et al., 2008) , substrate for growing neuronal cells (Sun et al., 2015) , IVD repair (Buser et al., 2011; Chang et al., 2010; Chen et al., 2015; Hu et al., 2012; Park et al., 2011; Zeng et al., 2014; Web Ref.1) (Table 2 ) and cartilage repair Hofmann et al., 2006a; Wang et al., 2005) . Additionally, silk can also be used as a drug delivery platform (Mwangi et al., 2015; Qu et al., 2014) for antibiotics (Pritchard et al., 2013) and proteins or small molecule drugs (Meinel and Kaplan, 2012) . Furthermore, silk fibroin scaffolds can be functionalised by covalent binding, e.g. with growth factors such as bone morphogenetic protein 2 (BMP-2) (Karageorgiou et al., 2004) for bone repair, or by immobilisation of the fibroblast growth factor 2 www.ecmjournal.org (FGF-2) by "click-chemistry" (Zhao et al., 2014) . Also, functionalisation of silk materials with antibodies is possible, using the avidin/biotin non-covalent linkage system .
Silk origin
Silk is mainly produced from B. mori and, in smaller quantities, from other animals (Chung et al., 2015; Kuwana et al., 2014; Li et al., 2015b) . The species B. mori was domesticated in China, thousands of years ago, and belongs to the mulberry silkworms. Therefore, B. mori became completely dependent on human care and could not survive in the wild. There is a high probability that B. mori originates from the wild silkworm B. mandarina (Moore, 1872), which undergoes complete metamorphosis, meaning it passes through the egg, larva, pupa and moth phases (Aruga, 1994) . Apart from these domesticated silkworms, wild-type silkworms also exist. The group of non-mulberry silkworms, silkworms that do not depend on mulberry leaves, covers mostly wild silkworms such as the Chinese oak silk moth, Antherae pernyi (Guérin-Méneville, 1855, Lepidoptera, Saturniidae) that produces socalled muga silk and the Ailanthus silk moth Samia cynthia (Drury, 1773, Lepidoptera, Saturniidae) that produces so-called eri silk (reviewed in . The use of these silkworms for commercial biomedical applications is not common because of their limited availability (Panda et al., 2015; Patra et al., 2012) . Apart from the B. mori silkworms, other insects including caddisflies, midges, glow worms, sawflies, bees, wasps (reviewed in Sutherland et al., 2010) and spiders can produce silk. Spider silks are of special interest, as they offer a broader range of different silks with different properties (reviewed by Fu et al., 2009 and Vollrath, 2000) . Nevertheless, their use in biomedical applications is limited due to the lack of appropriate sericulture conditions for spiders, because of their cannibalistic behaviour. Hence, the fabrication of recombinant silk of mainly special spider and other silks, from insects that are difficult to culture, is still a growing field. By using an expression vector in Escherichia coli, the production of hornet silk is possible (Kambe et al., 2014) or the fabrication of spider silk in mammalian cells (Lazaris et al., 2002) . Transgenic silk worms are also used to produce spider silk (Kuwana et al., 2014) . By using such methods, silk can be produced, as a natural product, in a highly-controlled process that makes quality control easier. Nevertheless, producing fibres from recombinant silk poses new challenges, as the spinning process is crucial to maintaining its unique properties (Lazaris et al., 2002) .
Silk harvest and production
The most abundant source of silk is the B. mori cocoon. In order to produce silk of the highest quality with respect to purity, i.e. long, regular, single white fibres, silk worms need to be sericultured, and the silkworm cocoons collected before the larvae hatch. This is done either by boiling the cocoons in hot water or pricking the larva with a needle to kill the worm inside. By doing so, the silk moth is prevented from eating its way through the cocoon during hatching and destroying it. The cocoons are then washed in boiling water. This dissolves the sericin, which forms a layer surrounding the silk threads acting as a glue to keep the two silk threads together. By this process, it is possible to uncoil the cocoon and obtain two strings of silk. In contrast, wild silk is obtained by collecting cocoons from already hatched silk moths. Hence, the final product is rougher and not as fine as silk from sericulture. After sericin removal, silk can be dried and directly used for weaving fabrics.
Another option is to produce liquid silk for further applications, e.g. fabrication of silk films for drug delivery (Hofmann et al., 2006b; Uebersax et al., 2007) , porous blended silk scaffolds (Rao et al., 2009) , or bead fabrication (Yildirim et al., 2010) . Solubilised silk can be obtained by treatment with aqueous 9.3 M LiBr solution followed by sequential membrane dialysis to remove all salt residues. With this method, an aqueous silk solution is obtained, which can be stored at 4 °C for a shorter time period (Rockwood et al., 2011) . Although, after prolonged storage time, spontaneous β-sheet forming takes place and results in a solidification of the silk, which could be a major issue for off-the-shelf usage for clinical application.
Molecular structure of silk fibroin
The B. mori silk consists of two main components: silk fibroin (72-81 %) and sericin (19-28 %) (Rockwood et al., 2011) . Sericin acts as an interface to adhere the silk fibroin threads, produced by the two silk glands, to each other therefore maintaining the structure of (Fig. 3) . Those dimers are then combined by a central protein called fibrohexamerin/p25 (30 kDa), forming the fibroin elementary unit in a molar ratio of 6:6:1 (Inoue et al., 2000; Inoue et al., 2004) . The amino acid composition and the properties of silk fibroin from non-mulberry silkworms, or other silk sources (e.g. spiders), can differ widely from that sourced from B. mori (Reddy and Yang, 2010) .
Silk scaffold development for intervertebral disc tissue engineering applications
Silk can be processed in many different ways, geared to Good Manufacturing Practice (GMP) as required for clinical and translational research applications. One possibility is to solubilise the silk material and print it controllably with a 3D ink-jet printer. This also allows the combination of the silk base with, for example, small particles and antibodies (Tao et al., 2015) . Another way to process silk is to use electrospinning to allow the fibre networks to produce an extracellular collagen-like matrix, composed of fibres with diameters in the nano-to micron-scale range, with high specific surface area and high porosity, thus being predestined candidates for enhanced cell attachment (Catto et al., 2015; Meinel et al., 2009; Min et al., 2004; Sheikh et al., 2015; Zhang et al., 2009) . Moreover, silk composite fibres can be realised with collagen proteins (Zhu et al., 2015) or nanoparticles such as hydroxyapatite for bone tissue engineering Yang et al., 2014) silver (Sheikh et al., 2014) , or fibres incorporating specific growth factors for sustained drug delivery (Li et al., 2006) . Additionally, liquid silk can be directly injected into the NP (Boyd and Carter, 2006; Hu et al., 2012; Murab et al., 2015) . Apart from these techniques silk, can also be produced as a porous scaffold by wet chemical procedures Chang et al., 2007; Chang et al., 2010; Hofmann et al., 2007; Yang et al., 2012; Zeng et al., 2014; Zeng et al., 2015b; Zhang et al., 2014) , sponges (Rnjak-Kovacina et al., 2015; Zeng et al., 2014) , or aerogels (Mallepally et al., 2015) .
Electrospinning of silk for intervertebral disc applications
Silk can be liquefied by dissolving it in 5.5-9.3 M LiBr for 2-4 h, to break the Van der Waals forces within the β-sheet structure. Subsequently, the silk can be purified by high-speed centrifugation (~13 ×g) (Meinel et al., 2009) . For electrospinning of liquid silk, the material is usually mixed with high molecular weight polymers to increase its viscosity. The LiBr salt is exchanged by dialysis against pure water (Meinel et al., 2009) . After lyophilising, selected solvents, such as formic acid or 1,1,1,3,3,3-hexafluoro-2-propanol, can be used for homogeneous fibre formation (Jeong et al., 2006; Kim et al., 2003) . Improved spinning of aqueous silk solutions is obtained by the application of mild shear stresses under dehumidified air in a post-processing procedure (Singh et al., 2016) . Shearing increases the β-sheet content within the solutions remarkably, leading to high strength silk fibroin fibres. In addition, Zhu et al. (2008) reports the effects upon spinnability and respective fibre morphologies of selected pH values in aqueous silk fibroin solutions. For instance, a decrease in the pH value allows for a decrease in the silk concentration within the spinning solution for homogeneous fibre formation. Furthermore, a decrease of the average fibre diameter is observed. As a further approach, an improved spinning in terms of stability and throughput is obtained by the use of polymeric spinning aids. The silk solutions are mixed with secondary polymers known to incorporate enhanced spinning properties to establish a stable jet from the syringe towards the counter electrode (Jin et al., 2002) . Typical polymers used are high molecular weight poly-(ethylene-oxide) (PEO) or poly-(vinyl-pyrrolidones) (PVP). Fig. 4 illustrates the effect of the use of selected frequencies (15, 30 and 50 Hz) of a rotating mandrel (diameter 25 cm) by the use of a 7 % aqueous silk fibroin solution with 5 % PEO (200,000 g/mol) as the spinning helps to obtain selectively aligned silk fibre scaffolds, mimicking the AF (Web Ref.1) . Thereby, parameters such as environmental humidity, applied potential, flow rate, distance of needle to collector, frequency of rotating mandrel, and the age of the fibroin influence fibre diameter and uniformity. On a flat-collector, randomly aligned fibre scaffolds can be generated, providing an environment that would better suit an NP cell phenotype, rather than the highly aligned fibres which are better for the AF types. Dong et al. (2016) shows a novel route to obtain stable silk spinning solutions, by careful tuning of the dissolution solvent system. Interestingly, the spinning reveals the formation of silk nanofibers incorporating amorphous structures, as compared to the aforementioned β-sheet rich fibres.
Further functionalities are introduced for silk-based scaffolds by application of coaxial electrospinning. Tian et al. (2015) spun poly-(lactic acid) as the sheath material and silk fibroin as the core structure, introducing in situ active molecules such as nerve growth factors into the core. A sustained release of the growth factor is realised, leading to enhanced attachment and the differentiation of cells (Zhu et al., 2008) .
Silk and reinforced hydrogels for NP repair
For repair of the NP tissue, specific demands such as a gel-like structure that is able to retain water are required. For this, several studies attempt to produce an injectable liquid silk scaffold (Boyd and Carter, 2006) . Hu et al. (2012) reports a silk fibroin/ polyurethane gel, tested in vitro on rabbit MSC, 
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where it shows excellent cytocompatibility. Also, the feasibility of injection into isolated porcine IVDs by a small AF incision is tested where the hydrogel is able to refill the defect prior to disc degeneration. Nevertheless, neither the impact of mechanical load nor the disc behaviour is investigated after prolonged organ culture. Some studies go further, with the focus on a biphasic scaffold construct that simultaneously mimics both the AF and NP structure (Fig. 5 , left column) . An ECM for the inner and outer AF, realised by a lamellar silk fibroin scaffold and a fibrin/hyaluronic acid gel for the NP structure, is generated and tested in vitro using porcine cells. Over four weeks of culture, the integration of the two components is recorded as well as enhanced Collagen type 1 and Aggrecan expression in the AF, while there is significantly higher expression of Collagen type 2 in the NP region. Also, the GAG content is two times higher in the NP region of the biphasic scaffold than in the AF region. Another attempt to mimic the environment of the NP even more closely is the formation of a triple composite, incorporating hyaluronic acid into a fibrin hydrogel enforced with silk fibroin (Park et al., 2011) (Fig. 5) .
Here, human chondrocytes are mixed with different gel compositions and analysed over four weeks. A formulation with 1 % silk shows greater DNA and GAG content, as well as Collagen type I and Aggrecan gene expression when compared to a composition with 2 % silk. One interesting investigation of NP repair is the clinical trial of the material NuCore® (Spine Wave Inc., Shelton, CT, USA) that is injected into human patients (Fig. 5) . This material consists of a recombinant protein copolymer consisting of an elastin hydrogel that is combined and reinforced with silk (Berlemann and Schwarzenbach, 2009; Boyd and Carter, 2006) . This material is the only material that has been injected into human patients to date. In a two-year follow-up study, NuCore® is indicated to be a safe treatment option that is better able to maintain disc height than discectomy alone (Berlemann and Schwarzenbach, 2009 ). This material has been extensively tested for cytotoxicity following the ISO 10993 guidelines. A two-year follow-up of the clinical trial is published, and no major failures are reported from the patients (Berlemann, 2015) . To the best of our knowledge, no other biomaterial could be directly tested in human patients for NP repair. The necessary hurdles to directly test novel biomaterials in patients have become higher, so most investigations are limited to small and, in the best cases, large animal models. Therefore, the costs have increased considerably.
Silk and reinforced hydrogels for AF repair
It is well appreciated that NP repair is certainly a major clinical challenge and AF repair even more puzzling. Several reviews of the challenges for this organ are published (Bron et al., 2010; Li et al., 2016; Long et al., 2016a) . There are several commercial solutions for AF repair, e.g. Inclose ® and Xclose ® , which can be seen as modified sutures with anchors (Gantenbein-Ritter and Sakai, 2011) . None of these AF repairs seem to withstand the relatively high physiological tensile forces, and none of the currently available commercial solutions seem valid for a clinical use (Bron et al., 2010; Gantenbein-Ritter and Sakai, 2011) . Using silk as an AF scaffold is proposed in several studies, as the material properties seem well-suited for this purpose (Bhattacharjee et al., 2012; Chang et al., 2007; Chang et al., 2010; See et al., 2011; See et al., 2012; Web Ref.2) (Fig. 6 ). Among these is a porous biphasic scaffold whose compressive modulus reached ~151 kPa. Although it is still weaker than native IVD tissue, it is a step forward towards IVD repair . In addition, a silk fleece-membrane composite is able to withstand the loads in an organ culture model under physiological compression and torsion for two weeks (Web Ref.2) . The reason for this lies in the very good characteristics of these fibres, such as their very low cytotoxicity and high tensile elasticity. Among Reinforced hydrogels and silk for IVD repair the tissue-engineered approaches for IVD repair, biphasic materials are of interest where the natural lamellar structure of the AF is mimicked. Another, not yet very common, approach is to combine the two biomaterials fibrin and silk (Elliott et al., 2015; . On its own, fibrin is too weak, but when enhanced with genipin, it reaches a stiffness comparable to that of native IVD tissue. This approach is very promising for IVD repair as the fibrin acts as a glue from the AF side and interacts with the inner AF.
A scientific consortium has been formed to target AF repair as a major priority, and these efforts have resulted in several scientific articles targeting AF repair using biomaterials: (Cruz et al., 2017; Guterl et al., 2014; Likhitpanichkul et al., 2014; Likhitpanichkul et al., 2015; Schek et al., 2011) . These studies conclude that genipin-reinforced fibrin hydrogel seems to be an ideal solution to link the extruded NP material of damaged discs. Similarly, the enhanced fibrin hydrogel shows superior mechanical strength and is able to bear physiological loading. Also, it can be conveniently injected into bovine IVDs, either by a double barrel syringe with a mixing tip or by mixing in thrombin directly prior to application Long et al., 2016a) . Future research and clinical trials will need to demonstrate its clinical application in translational medicine.
Conclusion
Silk is an ancient biomaterial whose usage goes as far back as 4000 BC. More recently, silk was tested for biomedical applications for the repair of many musculoskeletal joints. This can be attributed to the high cytocompatibility, the relatively slow rate of resorption, and the high elasticity and tensile strength of the silk fibres, which make it an interesting material for AF repair.
Most hydrogels tested for 3D culture models are cytocompatible and would be suitable for NP repair. However, they have a relatively moderate stiffness for IVD repair purposes. Hence, reinforced hydrogels in combination with selected resorbable biomaterials, such as silk, could be an interesting therapeutic approach. Here, the combination of fibrin hydrogel cross-linked with genipin and silk offers excellent stiffness.
Despite much research, only one product consisting of silk and elastin (NuCore®) is successfully and currently used as NP replacement in clinical settings.
